Introduction
The mammalian nesprins [Nesprin-1 (also known as Syne1, Myne-1 and Enaptin), Nesprin-2 (also known as Syne2, Myne-2 and NUANCE) and and their single-gene-encoded orthologues (interaptin in Dictyostelium discoideum, ANC-1 in Caenorhabditis elegans and MSP-300 in Drosophila melanogaster) represent a novel class of broadly expressed multifunctional proteins (Starr and Han, 2002; Warren et al., 2005) , anchored in the nuclear membrane through their highly conserved C-terminal KASHdomain Starr and Fischer, 2005; Tzur et al., 2006) .
Nesprin genes generate, through alternative splicing and alternative promoter and/or terminator usage, a multitude of differentially expressed isoforms, differing in domain architecture and length . The largest Nesprin-1 and Nesprin-2 transcripts predict proteins of 1014 kDa (Enaptin) and 796 kDa (NUANCE), respectively (hereafter referred to as Nesprin-1 Giant and Nesprin-2 Giant, respectively) Zhen et al., 2002) . They are composed of an N-terminal α-actinin-type actin-binding domain (ABD), a massive spectrinrepeat-containing rod segment followed by a KASH domain, allowing the physical connection of the nucleus to the actin cytoskeleton. By contrast, the much shorter Nesprin-3 lacks an ABD and integrates the nuclear membrane with intermediate filaments through a direct interaction of its N-terminus with plectin (Wilhelmsen et al., 2005) . It is thus not surprising that nesprins, and their orthologues in C. elegans and D. melanogaster, have been implicated in cytoskeleton-dependent processes such as nuclear anchorage and migration (Grady et al., 2005; Starr and Han, 2003; Yu et al., 2006; Zhang, X. et al., 2007) . Still, the exact functions of mammalian nesprins remain largely unknown. Recently published results involving Nesprin-1 and Nesprin-2 knockout (KO) mice harbouring KASH-domain deletions indicate crucial roles of these proteins in myonuclear anchorage and motor neuron innervation (Zhang, X. et al., 2007) . The multitude of subcellular nesprin localizations and isoform diversity suggests, however, additional functions. Indeed Nesprin-1 and Nesprin-2 isoforms localize at plasma membrane foci, mitochondria, sarcomeric structures, Golgi complexes, the nucleoplasm, and the outer and inner nuclear membrane, where they associate directly with emerin and lamin A/C Mislow et al., 2002a; Mislow et al., 2002b; Warren et al., 2005; Zhang et al., 2005) .
Giant isoforms, encoded by
Nesprin-1 (Syne1) and Nesprin-2 (Syne2), are multifunctional actin-binding and nuclearenvelope-associated proteins belonging to the spectrin superfamily. Here, we investigate the function of Nesprin-2 Giant (NUANCE) in skin by generating mice lacking the actinbinding domain of Nesprin-2 (Nesprin-2ΔABD). This loss results in a slight but significant thickening of the epidermis, which is a consequence of the increased epithelial nuclear size. Nonetheless, epidermal proliferation and differentiation appear normal in the knockout epidermis. Surprisingly, Nesprin-2 Cterminal-isoform expression and nuclear envelope localization were affected in certain tissues. Nuclei of primary dermal knockout fibroblasts and keratinocytes were heavily misshapen, displaying a striking similarity to nuclear deformations characteristic of laminopathies. Furthermore, emerin, the protein involved in the X-linked form of Emery-Dreifuss muscular dystrophy (EDMD), was unevenly distributed along the nuclear envelope in mutant fibroblasts, often forming aggregates in the deformed nuclear envelope areas. Thus, Nesprin-2 is an important scaffold protein implicated in the maintenance of nuclear envelope architecture. Aged knockout fibroblasts readily generated, by alternative splicing and alternative translation initiation, aberrant Nesprin-2 Giant isoforms that lacked an ABD but that were sufficient to restore nuclear shape and emerin localization; this suggests that other regions of Nesprin-2 Giant, potentially including its spectrin repeats, are crucial for these functions.
Emerin mutations give rise to Emery-Dreifuss muscular dystrophy (EDMD) (Bengtsson and Wilson, 2004) , whereas lamin A/C mutations cause various clinically different disorders, collectively called 'laminopathies' (Broers et al., 2006; Burke and Stewart, 2002; Gruenbaum et al., 2005) . For their nuclear envelope (NE) localization, Nesprin-1 and Nesprin-2 require an intact lamin A/C network Zhang et al., 2005) . Furthermore, in COS7 cells, Nesprin-2 is essential for the NE localization of emerin . These particular associations and molecular interdependencies, in conjunction with human diseases linked to other spectrin-repeat proteins, suggest potential roles for nesprins in genetic disorders. Indeed, recently, Nesprin-1 mutations resulting in the premature termination of the protein were shown to cause recessively inherited cerebellar ataxias in humans (GrosLouis et al., 2007) .
In an effort to better understand the Nesprin-2 biology and explore its potential to cause genetic disorders, we generated the Nesprin-2ΔABD mouse, which lacks the ABD of Nesprin-2. Although the mutant mice did not exhibit an overt phenotype, we uncovered novel and essential functions for Nesprin-2 Giant in maintaining epidermal nuclear shape, NE architecture and composition in primaryfibroblast and keratinocyte cell cultures. Considering the multitude of diverse and tissue-specific Nesprin-2 isoforms and the fact that Nesprin-2ΔABD knockout mice are partial loss-of-function mutants, our results assert their candidacy in multiple human disorders, including laminopathies.
Results

Generation of Nesprin-2ΔABD mice
To generate Nesprin-2ΔABD KO mice we deleted three CH1-domain (calponin homology domain 1)-encoding exons (exons 2, 3 and 4), which, together with the CH2 domain, form a functional ABD (Gimona et al., 2002) (Fig. 1A) . Positive embryonic stem (ES)-cell clones for homologous recombination were identified by PCR and verified by Southern blot analysis (Fig. 1B,C) , and were then used to derive homozygous mice. The Nesprin-2ΔABD KO strain was examined over a period of 5 years. Heterozygous and homozygous KO mice did not display any discernible abnormalities and were indistinguishable from their wild-type (WT) littermates. Although a CH1-domain-deficient Nesprin-2 Giant isoform (termed Nesprin-2ΔABD) could be detected under some conditions in the KO mice, several lines of evidence discussed here suggest that this mutant is functionally null for Nesprin-2 Giant. Absence of Nesprin-2 Giant in the homozygous mice was verified by western blot analysis of primary-dermal-fibroblast lysates using polyclonal Cterminus-specific anti-Nesprin-2 antibodies (pAbK1) (Fig. 1D,E) . Similar to emerin, the C-terminal Nesprin-2 isoforms were still present (Fig. 1D, asterisks) and their expression levels remained unchanged in the KO cells.
For examination of the KO mice, we used monoclonal antibody (mAb) K56-386 directed against the N-terminus of mouse Nesprin-2 Giant (Fig. 1E) . Western blot analysis employing K56-386 hybridoma supernatants on proteins immunoprecipitated with pAbK1 from PAM212 [mouse keratinocytes (Yuspa et al., 1980) ] cell lysates demonstrated specific detection of mouse Nesprin-2 Giant ( Fig. 2A, arrowhead) . Affinity purified K56-386 detected an 800-kDa band only in PAM212 and not in HaCaT [human keratinocytes (Boukamp et al., 1988) ] cell lysates (Fig. 2B) . Thus, K56-386 is a species-specific mAb detecting specifically mouse Nesprin-2 Giant. Immunoblot analysis of COS7 cell lysates expressing various N-terminal Nesprin-2 segments fused to GFP allowed us to narrow down and identify the reactive epitope to a peptide encoded by exon 9. By generating the Ex9Δ-GFP fusion, which corresponds to a 22-amino-acid peptide encoded by an exon-9 fragment (Fig. 3A , boxed in red), we could identify the mAb K56-386 epitope (supplementary material Fig. S1 and Fig. 3A) .
In PAM212 cells ( Fig. 2C-E ) and skin sections from newborn WT mice (Fig. 2F ) the antibody specifically stained the NE and colocalized with pAbK1-stained structures (data not shown). In skin from KO mice, K56-386 staining was largely absent (Fig. 2G and Fig. 4D) ; only the use of undiluted primary antibody resulted in an occasional very faint NE staining restricted to some keratinocyte cells (Fig. 2H, arrowhead in inset) . A cross-reaction with the paralogue Nesprin-1 Giant molecule was excluded. The staining pattern of Nesprin-1 Giant (Fig. 2I ) is clearly distinct from that of Nesprin-2 Giant in WT human ( Fig. 2J ; mAb K20-478) and mouse ( Fig. 2K ; mAb K56-386) skin. Whereas Nesprin-1 Giant localized at cell-cell junctions (Fig. 2I, arrows) and weakly at the NE (Fig.  2I , arrowheads), Nesprin-2 Giant staining was restricted to the NE (Fig. 2J,K) . The possibility that the faint NE staining is due to a general upregulation of Nesprin-2 as a consequence of a compensation mechanism can be excluded. Silencing of Nesprin-2 Giant unequivocally led to a downregulation of the smaller Cterminal Nesprin-2 isoforms, suggesting a dependency on Nesprin-2 Giant (Fig. 5D ).
Presence of differentially expressed C-terminal Nesprin-2 isoforms in Nesprin-2ΔABD knockout tissues
Intrigued by the presence of small C-terminal Nesprin-2 isoforms in the knockout fibroblast cells (Fig. 1D ), we proceeded with a pAbK1 immunoblot analysis on various WT tissue lysates to gain more insight into their expression profile. Western blots indicated a broad Nesprin-2 expression and revealed multiple tissue-specific isoforms (supplementary material Fig. S2A,B) . High levels of expression were detected particularly in the brain, heart and skeletal muscle. A nearly identical expression pattern was observed in skeletal muscle and heart. In these tissues, the antibody detected consistently prominent bands migrating at ~45 and ~95 kDa. In particular, the 45-kDa isoform was highly expressed specifically in heart and skeletal muscle. A major 250-kDa and a minor Journal of Cell Science 121 (11) Fig. 1 . Generation of Nesprin-2-Giant KO mice. (A) Diagram illustrating the partial genomic organization of the Nesprin-2 (WT) locus coding for the ABD domain (yellow boxes), the targeting construct and the targeted allele (mutant allele). The Nesprin-2-Giant ATG translation start site in exon 1 is indicated with an arrow. The location of the 5Ј and 3Ј probes used for Southern blot analysis is also indicated. Primer sets correspond to those used in PCR analysis for identifying the WT (1.2 kb, Primer set 1: 5Ј-CATAGAACATGCCCTGAC -ATTCCTG-3Ј and 5Ј-CTGTTTCTGAGTATTGCATGCGCTTG-3Ј) and mutant (1.1 kb, Primer set 2: 5Ј-TGTCTGCCTACATGTTACTATGGTC-3Ј and 5Ј-TGCGAGGCCAGAGGCCACTTGTGTAGC-3Ј) alleles. Primers used for RT-PCR are indicated (see Fig. 9 Fig. S2A ). Nesprin-2 Giant was detectable as faint bands in the WT tissue lysates only after prolonged enhanced chemiluminescence (ECL) detection. This particular isoform was most prevalent in the brain, skin, kidney and skeletal muscle, as detected by indirect immunofluorescence (data not shown).
Most smaller C-terminal Nesprin-2 isoforms arise presumably from the alternative usage of internal transcription-and/or alternative translation-initiation sites. As anticipated, C-terminal Nesprin-2 isoforms were also present in the respective Nesprin-2 KO tissue lysates. However, even after prolonged ECL exposure, we did not detect Nesprin-2 Giant in these lysates (Fig. 6A, arrowhead) . K56-386 immunoblotting further substantiates the absence of Nesprin- Fig. 1 . See previous page for legend.
2 Giant in the KO lysates (Fig. 6A) . Strikingly, the expression levels and patterns of the Nesprin-2 C-terminal isoforms were affected in the KO tissues ( Fig. 6A ; summarized in supplementary material Fig. S2B ). Only the expression levels of the ~45-kDa and ~95-kDa isoforms in the KO heart and the ~45-kDa isoform in the KO skeletal muscle tissue lysates appeared unaltered when compared with WT samples, whereas, for all other isoforms, we observed either reduced expression levels or their complete absence in the KO tissues. The ~300, ~400, ~600 and 800-kDa, and the ~400 and 800-kDa Nesprin-2 isoforms that were present in WT kidney and skeletal muscle tissue lysates, respectively, were not detectable in the respective KO lysates. Similarly, KO heart tissues expressed reduced amounts of the ~400-kDa isoform and lacked completely the ~600 and 800-kDa Nesprin-2 proteins. Immunoblotting employing pAbK1 on WT and KO skin lysates revealed significant changes in the expression of the small Nesprin-2 isoforms, whereas Nesprin-2 Giant was undetectable (Fig. 6B) .
To get additional insights into the localizations of the Nesprin-2 C-terminal isoform, we examined WT and KO tissues, which differed drastically in their pAbK1 immunoblot pattern of such tissues as skeletal muscle and skin. Immunohistochemical analysis of Nesprin-2 KO skeletal muscle tissue sections revealed an identical staining pattern to WT using pAbK1. In both instances, Nesprin-2 staining was found at the NE (Fig. 6C ,D, arrowheads; also see inset) and, in agreement with a previous report , also at sarcomeric structures (Fig. 6C,D, arrows) .
In summary, our data indicate that Nesprin-2 CH1 exon deletions resulted in a partial knockout of the gene, leading to Nesprin-2ΔABD mice, which basically lack the Nesprin-2 Giant isoform and display an altered expression pattern for specific Nesprin-2 Cterminal isoforms in certain tissues.
Nesprin-2-Giant-dependent NE localization of Nesprin-2 C-terminal isoforms
Based on the low expression levels of the Nesprin-2 C-terminal isoform in skin compared with muscle and brain ( Fig. 6B) , we focused our studies on this tissue. Foremost, Nesprin-2 Giant is highly expressed in skin, and epidermal nuclear positioning is crucial to establish epidermal stratification (Lechler and Fuchs, 2005) . In addition, epidermal cornification is accompanied by drastic nuclear morphology changes, resulting finally in dead enucleated squames. It should be noted here that all knockout skin samples employed in the current study were subjected to serial sectioning and sections were first assessed for Nesprin-2 Giant absence (K56-386 negative staining) before the adjacent section was used for further analysis.
Immunohistochemical analysis of WT newborn skin indicated the presence of Nesprin-2 Giant at the NE, at which its staining overlapped with that of pAbK1 ( Fig. 4C) , which, in addition, weakly stained cytoplasmic structures (Fig. 4B ). K56-386 staining was largely absent in KO skin, whereas pAbK1 primarily labelled the cytoplasm. Contrary to WT epidermis, in which a profound NE-Nesprin-2 association was detected with pAbK1 ( Fig. 4B , arrowheads in inset), this antibody consistently weakly stained the NE in KO skin (Fig. 4E, arrowhead in inset) . This finding contradicts the localization pattern of the C-terminal Nesprin-2 isoforms in KO skeletal muscle tissues, which appeared unaffected by the absence of Nesprin-2 Giant, proposing important roles for Nesprin-2 Giant in the NE-targeting of the smaller C-terminal isoforms in the skin. Moreover, this observation is intriguing considering that the nesprin KASH domain is thought to be sufficient for proper NE targeting . We assume that the presence of Nesprin-2 Giant further stabilizes and restricts C-terminal nesprin variants at the NE in skin through additional direct or indirect intermolecular interactions. To test this hypothesis, we immunoprecipitated Nesprin-2 Giant from mouse PAM212 keratinocytes using the mAb K56-386. Concomitant western blot analysis with pAbK1 and K56-386 indicated the presence of Nesprin-2 C-terminal isoforms (Fig. 4G, arrowheads) and the Nesprin-2 Giant isoform (Fig. 4G , arrows) only in the Nesprin-2 Giant immunoprecipitated complexes and not in the control samples. It thus appears that Nesprin-2 isoforms form an interconnected network at the NE. Yeast two-hybrid assays using a Nesprin-2 Giant C-terminal segment (aa 6146-6799; last four spectrin repeats) excluded a self-interaction within this part of Journal of Cell Science 121 (11) Fig. 2 . Characterization of mAb K56-386. (A) Nesprin-2 pAbK1-immunoprecipitated PAM212 samples were probed with K56-386, which specifically recognizes Nesprin-2 Giant (arrowhead). (B) Equal amounts of HaCaT and PAM212 (mouse) cell lysates were probed with K56-386 and anti-β-tubulin (loading control). (C-G) K56-386 (1:10 dilution) stains the NE in PAM212 keratinocytes (C-E) and in WT mouse-skin frozen sections (F), and is largely absent in KO skin (G). Phalloidin staining delineates the plasma membrane. (G,H) K56-386 (1:10) staining is largely absent in KO epidermis (G); rarely, some residual NE staining is detectable in isolated regions in the KO epidermis, when K56-386 is used undiluted (inset in H). (I-K) The staining pattern of Nesprin-2 Giant is distinct from that of Nesprin-1 Giant in human (I,J) and mouse (K) epidermis. Nesprin-1-Giant localizes to the NE (I, arrowheads) and to cell-cell junctions (I, arrows). Insets, higher-magnifications of boxed areas. epi, epidermis; de, dermis; hf, hair follicle. the molecule (data not shown), therefore suggesting either intermolecular interactions with other Nesprin-2 domains and/or the presence of indirect interactions requiring additional factors.
Nesprin-2 Giant affects the thickness of the epidermal layer and the nuclear morphology in the epidermis An immunohistological examination (Fig. 7) of the KO epidermis did not reveal gross abnormalities except for an ~25-μm increase (P=2.6ϫ10 -33 ; Student's t-test) in interfollicular epidermal thickness in the KO (121±17 μm) compared with WT (96±16 μm). Basement membrane appearance and the morphologically distinct stages of keratinocyte differentiation appeared unaltered in KO skin (Fig.  7A,B) . Consistent with the well-established staining pattern for integrins in the epidermis, β1 integrin localized in a similar fashion at the perimeter of WT and KO basal cells (Fig. 7C,D) . To gain further insights into epidermal-thickness perturbations in KO mice, we assessed proliferation by Ki67 labelling. Mitotic indexes were similar to WT (data not shown) and Ki67 staining was restricted to basal cells (Fig. 7E,F) . Counterstaining with phalloidin detected pronounced F-actin ring structures around the NE in KO basal cells (Fig. 7F , arrowhead in inset), similar to WT (not shown), indicating the existence of alternative molecular mechanisms, besides Nesprin-2 Giant, that connect the NE to the actin cytoskeleton. Immunolocalization studies on WT and KO skin sections by using anti-keratin-14 (anti-K14), -K1 and -K10 (Fig. 7G-L) as well as anti-involucrin and anti-fillagrin antibodies (data not shown) did not reveal any abnormal staining patterns. The mutually exclusive expression pattern of K14 and K1 and/or K10, and the expression of late differentiation markers was maintained in the KO epidermis, suggesting that epidermal differentiation is spatially and temporally maintained.
Consistent with previous data showing that Nesprin-2 Giant is required for the NE localization of emerin in COS7 cells, we observed changes in the emerin localization pattern in the skin (Fig. 8A-F) . On the basis of stainings using two different antiemerin antibodies, we found that, whereas, in the KO epidermis, the emerin pattern at the NE was unperturbed, major alterations were evident in the KO dermis. In WT tissue, the emerin staining was confined to the NE, making dermal-cell identification possible ( Fig. 8A-C, arrowheads) . In KO tissue, this was no longer possible because of the irregular emerin subcellular staining pattern (Fig.  8F, arrows) . However, immunoblotting employing anti-emerin antibodies on several KO and WT skin lysates indicated identical expression levels (data not shown). In summary, the main alteration appears to be an emerin mislocalization specifically in the KO dermis but not in the epidermis, in which emerin localization is unperturbed.
More importantly, the emerin staining revealed an unusual round shape of nuclei, especially for the nuclei of basal KO keratinocytes (inset Fig. 8D ). In fact, KO basal as well as suprabasal keratinocyte nuclei appeared much larger when compared to WT (compare Fig.  8C with 8F) .
To further examine these changes, primary keratinocyte and fibroblast cells from both WT as well as KO tissues were investigated. Immunolocalization studies with KO keratinocytes indicated heterogeneous K56-386 antibody staining and nuclear morphology variabilities among the cell population. Whereas about 80% of cells (200 counted) lacked any staining, a subset of KO cells (20%) seemed to have undergone a phenotypic reversion, as indicated by the weakly positive and discontinuous staining of K56-386 (Fig. 8G , asterisks) and normal nuclear shape. In the following text, KO cells that were assessed as being K56-386-positive will be referred to as Nesprin-2ΔABD cells (Fig. 1E) , and K56-386-negative cells as Nesprin-2-Giant-deficient. Interestingly, Nesprin-2ΔABD-expressing cells exhibited a confined pAbK1 pattern at the NE (Fig. 8H, arrowhead) and a normal nuclear morphology (Table  1) . Occasionally, the pAbK1 staining persisted at the NE in Nesprin-2-Giant-deficient cells (Fig. 8H, large arrow) . In the majority of Nesprin-2-Giant-deficient cells, however, pAbK1 staining was either redistributed to the cytoplasm or very faint (Fig. 8H, arrows) . Cells exhibiting such a localization of the Nesprin-2 C-terminal isoform showed a remarkable nuclear morphology (53.2%; 200 counted). These nuclei were highly lobulated (Fig. 8I, inset) , exhibiting irregular nuclear shapes and profound nuclear blebbing (Fig. 8I, arrows) . In WT primary keratinocyte cells, anti-Nesprin-2-Giant and pAbK1 antibodies strongly stained the NE, and nuclei had a normal morphology (Fig. 8J-L) . The extent of nuclear lobulations in KO cells as compared with WT was determined by calculating their respective nuclear contour ratios (4πϫarea/perimeter 2 ; >500 counted for each cell type). The contour ratio for a circle is 1, and this number decreases in misshapen nuclei (Goldman et al., 2004) . Whereas WT cells exhibited a contour ratio of 0.85, this value significantly decreased to 0.69 in Nesprin-2-Giant-deficient cells. These changes reflect a 1.97-fold increase in the mid-plane cross-sectional area and a 1.58-fold increase in the perimeter length in KO nuclei (Table 1) .
Whereas Nesprin-2ΔABD cells displayed similar contour ratios to WT cells, their mean area and perimeter values were significantly larger than those of WT (Table 1) , indicating important roles for the CH1 domain in the maintenance of nuclear size. In summary, our data suggest that Nesprin-2 controls nuclear morphology and nuclear size in keratinocytes.
Silencing of Nesprin-2 Giant in human keratinocytes affects nuclear shape and the Nesprin-2 C-terminal isoform pattern
To further substantiate the functions of Nesprin-2 Giant, we designed shRNAs against the CH2 domain and analyzed their effects on the NE in HaCaT cells. Immunofluorescence analysis employing a Nesprin-2-Giant-specific antibody (K20-478) indicated a loss of Nesprin-2 Giant in 10% of the transfected cells. Silencing of Nesprin-2 Giant caused an unmistakable nuclear phenotype, in contrast to cells transfected with control RNAi plasmids (Fig. 5A) . Loss of Nesprin-2 Giant resulted in variable NE morphological changes, from minor NE blebbing to severely misshapen and giant nuclei (Fig. 5A,C, arrows) . The percentage of cells displaying NE defects was clearly increased in Nesprin-2-Giant-silenced cells when compared with controls (Fig. 5B) . Furthermore, contour-ratio values dropped from 0.87 in control cells to 0.73 in Nesprin-2-Giantsilenced cells (Table 2 ). Loss of Nesprin-2 Giant also affected the Nesprin-2 C-terminal isoforms (Fig. 5C ). In cells exhibiting Journal of Cell Science 121 (11) Fig. 4 . Localization of the Nesprin-2 C-terminal isoform is affected in KO epidermis. (A-F) WT (A-C) and KO (D-F) frozen skin sections were stained with the N-and C-terminally directed anti-Nesprin-2 antibodies K56-386 and pAbK1. pAbK1 stains the NE in WT (B, arrowheads in inset), which is rarely apparent in the KO epidermis (E, arrowhead in inset). Hf, hair follicle; de, dermis; epi, epidermis. The broken line delineates the location of the basement membrane. Scale bars: 10 μm. (G) Nesprin-2-Giant-K56-386 immunocomplexes from mouse keratinocytes (PAM212) were probed (WB) with pAbK1 and K56-386. Arrowheads, small C-terminal Nesprin-2 isoforms; arrows, Nesprin-2-Giant isoform. Detection of the 800-kDa band in the K56-386 immunoblot is rarely possible in the input, but clearly visible in the immunoprecipitation lane. For the pAbK1 immunoblot, the sample was run in parallel on a separate gel. Silver staining is used as control (HC: IgG heavy chain). Nuclear morphometric-parameter analysis of WT and mutant cells. Mean ± s.e.m. results and the corresponding P values (control versus mutant) are indicated. Measurements were performed in triplicate experiments and more than 500 cells were counted for each cell type. Nesprin-2 Giant maintains nuclear envelope morphology Nesprin-2-Giant silencing, pAbK1 staining was either weak or colocalized with abnormal aggregates of Nesprin-2 Giant (Fig. 5C,  asterisks) . Downregulation of the Nesprin-2 C-terminal isoforms could also be verified by immunoblot data (Fig. 5D ), thus indicating a dependency on Nesprin-2 Giant of the smaller isoforms.
Roles of Nesprin-2 Giant in NE architecture and NE composition in fibroblasts
We next examined primary KO dermal fibroblasts by indirect immunofluorescence staining with K56-386 (detects Nesprin-2 Giant and Nesprin-2ΔABD) or pAbK1 (detects all isoforms). Both antibodies gave similar results, except that pAbK1 gave higher cytoplasmic signals, as expected. We found that, in contrast to WT cells (Fig. 9A) , K56-386 staining in early-passage mutant cells was largely absent (Fig. 9C) and was accompanied by massive nuclear deformations (Fig. 9D, arrowheads) . Similar to KO keratinocytes, and in contrast to WT fibroblasts, in which pAbK1 detected clearly the NE (Fig. 9E, arrows) , pAbK1 detected cytoplasmic structures in a subpopulation of mutant cells and did not reveal a nuclear rim pattern (Fig. 9G, arrows) . This abnormal localization was accompanied by nuclear defects (Fig. 9H,  arrowheads) . Strikingly, mutant cells showing a clear pAbK1 NE Mean ± s.e.m. results and the corresponding P values (control versus mutant) are indicated. Measurements were performed in duplicate experiments and 300 cells were counted for each cell type. localization (Fig. 9G, asterisk) did not show an overt nuclear phenotype (Fig. 9H, asterisk) . Collectively, the mutant fibroblast nuclei were irregular in shape, occasionally exhibiting minor or major NE blebs and lobulations (Fig. 9I-L, arrowheads) . Surprisingly, the abnormal nuclear phenotype was restricted only to early-passage (<4) cells. Whereas, at passage 3, approximately 20% of mutant nuclei were abnormal, this number decreased in aged cultures (passages >6) to 4%, which was comparable to WT fibroblasts (Fig. 9O ). An immunofluorescence examination of the mutants with anti-Nesprin-2-Giant antibodies indicated that this rescue effect coincided with the presence of K56-386 staining at the NE (Fig. 9M ) and with the presence of Nesprin-2ΔABD-Giant isoforms in the aged fibroblast cultures (supplementary material Fig. S3 ).
Primary KO fibroblasts also exhibited abnormal emerin localization. Emerin appeared unevenly distributed along the NE and profoundly accumulated in the deformed nuclear areas (Fig.  9Q-S) . Whereas lamin A/C levels were unaltered in KO cells (data not shown), their localization was perturbed in mutant cells. Lamin A/C formed abnormal honeycomb structures preferentially in the deformed NE areas in mutants (supplementary material Fig. S4 ). Altogether, our data suggest important functions for Nesprin-2 in nuclear architecture and composition.
However, the residual K56-386 staining in KO skin (Fig. 2H ) and in the established KO cell cultures was still puzzling. One possibility, which we intensively investigated and which still cannot be excluded, was the alternative use of unknown exons located upstream of the deleted ABD exons. However, extensive searches of the mouse EST databases indicated that the sole usage of exon 1 was for the translational initiation site in the Nesprin-2-Giant transcript (Fig. 3A) . We then examined whether abnormal splicing events involving exon 1 and downstream exons caused the generation of a novel Nesprin-2-Giant transcript (Nesprin-2ΔABD) lacking exons 2-4. In particular, alternative splicing between exons 1 and 8 would yield a protein harbouring the K56-386 epitope (Table  3) . Reverse transcriptase (RT)-PCR employing exon-1-and exon-8-specific primers on WT and KO fibroblast RNA samples did not reveal the anticipated 130-bp exon 1&8 cDNA; instead, a 628-bp band appeared for KO samples, compared with the expected 860-bp WT band that was observed (exons 1 through 8) (Fig. 3B) . Sequencing of the 628-bp fragment indicated an abnormal splicing event of exon 1 with exon 5. Because this fusion does not result in an open reading frame on the translated transcript, we searched the following exons for alternative initiation sites. Indeed, we found three Kozak consensus sequences within exon 7 and one within exon 8 (marked and overlined in red, Fig. 3A) . In summary, our data favour alternative translation-initiation usage, resulting in a 'semi-functional' Nesprin-2-Giant protein lacking a section, encompassing most of the ABD, of more than 215 N-terminal amino Journal of Cell Science 121 (11) Fig. 7 . Epidermal proliferation and differentiation appears normal in KO epidermis. Skins from day-4 WT (A,C,E,G,I,K) and KO (B,D,F,H,J,L) mice were fixed, sectioned and stained with antibodies and with phalloidin to label F-actin. Colour codings correspond to the secondary antibodies or phalloidin used in each case. Note the increased KO epidermal thickness. Inset, highermagnification of the boxed area. α6β4, α6β4 integrin; β1, β1 integrin; phall, phalloidin; Ker14, Keratin 14; Ker1, Keratin 1; Ker10, Keratin 10; E-Cad, E-cadherin; epi, epidermis; de, dermis; hf, hair follicle. Scale bars: 10 μm. ,186  2  2  3  62  1717  3  1  3  96  110  4  1  3  78  88  5  1  3  93  7576  6  1  2  188  1884  7  3  1  197  2660  8  2  3  101  3419  9  1  3  102  2447  10  1  3  138  4921 The nucleotide position (1, 2 or 3) of the codon triplets at the 5′ and 3′ ends in the individual exons (1-10) is indicated. Note that only alternative splicing involving exons 1 and 8 would ensure synthesis of a K56-386-reactive Nesprin-2ΔABD isoform in the KO mice. Exon and intron sizes are shown. Nesprin-2 Giant maintains nuclear envelope morphology acids (Nesprin-2ΔABD ; Fig. 1E) ; however, this protein is still sufficient to rescue the nuclear abnormalities of Nesprin-2 KO cells.
Nesprin-2 affects fibroblast migration
On the basis of the well-documented role of nesprin orthologues in lower eukaryotes in nuclear positioning and migration, and recent evidence that nuclear repositioning is an initial polarizing event in migrating fibroblasts (Gomes et al., 2005) , we investigated the migratory response of primary Nesprin-2-Giant KO and WT fibroblasts after scratch wounding. We used three independent WT and five different KO primary fibroblast cells to perform the wounding assays. A 700-μm-wide wound was introduced on the cell monolayers and their migrational properties were monitored over time. Whereas WT (n=3) cells closed the wound after 20 hours, exhibiting a mean 40±4.9 μm/hour migration speed, KO (n=5) cells migrated much slower, at 29±1.2 μm/hour, leaving the scratched wound practically unclosed (Fig. 10) . The results were statistically significant (P=0.03; Student's t-test), indicating a requirement for Nesprin-2 in the migration of dermal fibroblasts. To examine in more detail the mutant cell phenotype, we submitted wounded WT and Nesprin-2-Giant monolayers 6 hours after the introduction of the scratch to an immunofluorescence analysis and stained for γ-tubulin and the Golgi complex, which are well-known structures that reorient when cells polarize. In 76±2.6% and 84±6.8% of WT cells, repositioning of the Golgi (Fig. 10I,IЈ) and MTOC (Fig.  10J,JЈ) , respectively, takes place within a 120° area facing the wound. By striking contrast, only 34.2±3.7% and 39.0±3.8% of mutant cells exhibited a polarized Golgi complex (Fig. 10I,IЈ) and MTOC (Fig. 10J,JЈ) , respectively. In summary, our data suggest novel roles for Nesprin-2 in cell migration and cell polarity.
Discussion
We demonstrate here novel structural functions for Nesprin-2 Giant in nuclear morphology and architecture in the skin. These functions were further corroborated by in vitro cell-culture studies, including Nesprin-2 silencing. Indeed, ~20% of primary dermal fibroblasts and ~53% of primary KO keratinocytes harboured severely misshapen nuclei. The pronounced severity of nuclear morphology abnormalities in keratinocytes suggests profound roles of Nesprin-2 Giant in this particular cell type, which is in accordance with the rather high expression levels of Nesprin-2 Giant in the epidermis as compared with the dermis. As cells aged in culture, these defects diminished, resulting finally in WT-like cells at later passages because of the expression of an abnormally spliced Nesprin-2ΔABD transcript, which was confirmed by immunoblotting. Nesprin-2-Giant-deficient fibroblasts display reduced growth rates when compared with WT cells (data not shown). Our data indicate that expression of Nesprin-2ΔABD rescues major defects of the mutant cells, allowing them most probably to propagate faster and to finally overgrow Nesprin-2-Giant-deficient cells.
To explain the generation of Nesprin-2ΔABD, we favour the usage of alternative translational start sites, which might lead to a deletion of at least 215 amino acids from the N-terminus of Nesprin-2 Giant. Even though the exact starting site remains to be identified, this abnormal protein would lack the CH1 (exons 2-5) domain, the linker region (exon 6) and at least 30 amino acids of the CH2 domain. The absence of the major F-actin-binding sites of the ABD (Winder et al., 1995) in combination with observations that single CH domains are not sufficient to mediate F-actin binding (Gimona and Winder, 1998) suggests that Nesprin-2ΔABD might not bind to actin filaments. Although this still warrants experimental validation, such thoughts imply that Nesprin-2-mediated actin association is not required for the structural integrity of the nucleus, but that rather this might be secured by the presence of the massive spectrin-repeat-containing rod (Bennett, 1990) . Surprisingly, the observed KO fibroblast and keratinocyte defects did not result in apparent abnormalities in skin morphology and histology of KO animals. We discovered a mildly thickened epidermis, which we believe is related to the increased keratinocyte nuclear size. Thus, these data confirm both in vivo as well as in vitro that Nesprin-2 Giant affects nuclear morphology. In fact, a recent report implicates Nesprin-2 Giant in progeria and proposes a structural reinforcer role at the NE (Kandert et al., 2007) .
Nuclear-size increase has been associated with nuclear lamina CxxM motif proteins such as lamins and kugelkern (Brandt et al., 2006; Prufert et al., 2004) . Therefore, our results suggest that lamin- related effects on nuclear volume are partially nesprin mediated, because nesprins depend on an intact lamin A/C network for proper NE localization Zhang et al., 2005) .
However, epidermal proliferation and differentiation appeared unaltered in the KO epidermis. Recent evidence suggests that transition from a single-layered ectoderm in the mouse embryo to a stratified functional epidermis is triggered by asymmetric cell divisions (Lechler and Fuchs, 2005) . However, it remains uncertain whether these events are functionally coupled with nuclear movements, similarly to the actin-based rearward nuclear repositioning to establish MTOC polarization in migrating fibroblasts (Gomes et al., 2005) , or, if so, whether alternative and not mutually exclusive microtubule-dependent nuclearpositioning mechanisms exist in the epidermis. Irrespectively, our data suggest that Nesprin-2 Giant might not be required for these cellular events in the epidermis. Alternatively, KO skin homeostasis might be established and maintained either by the persistence of the short Nesprin-2 Cterminal KASH-domain-containing isoforms in the KO skin, or the functional overlap with other nesprin proteins, or both. On the basis of the Nesprin-1 localization pattern in skin, it is, however, unlikely that this particular protein accounts for Nesprin-2-function redundancy. AntiNesprin-1 antibodies stained profoundly the keratinocyte cell periphery, a finding that has not been described previously, thus suggesting additional roles for this protein besides its wellknown functions at the NE.
It is important to note that Nesprin-2-Giantdeficient fibroblasts (only early passages were examined in the current study) exhibited migration and cell polarity defects. Whether these defects are attributed solely to an abnormal nucleokinesis or are in addition combined with major cytoskeletal rearrangements in the mutant fibroblasts warrants further examination. Nesprin-1 associates directly with the kinesin-II subunit KIF3B; together, these proteins facilitate the accumulation of vesicles at the spindle and midbody (Fan and Beck, 2004) . On the basis of the overall structural and primary sequence similarity between Nesprin-1 and Nesprin-2, it cannot be excluded that microtubuleassociated motor-protein functions are also affected in Nesprin-2 Giant mutant cells.
An important clue that reinforces the scaffolding aspects of Nesprin-2 Giant at the NE is the reported mislocalization of its C-terminal variants and of emerin in fibroblasts. We hypothesize that Nesprin-2 Giant interacts either directly or indirectly with its shorter C-terminal isoforms, and restricts them at the NE. We favour in particular direct intermolecular interactions of the spectrin repeats, considering that the C-terminal spectrin repeats of Nesprin-1α have been shown to mediate homodimerization (Mislow et al., 2002a) . More importantly, if this hypothesis holds true, it suggests that additional molecular associations besides the well-established interaction between the nesprin KASH-domain and Sun proteins Starr and Fischer, 2005; Tzur et al., 2006) in the nuclear lumen might account for a tighter association of the nesprin Giant isoforms with the NE.
The affected emerin NE localization in the KO dermis and fibroblasts is a very important result, considering that the described KO mice exhibit only a partial loss of Nesprin-2 functions. Thus, our findings verify previous emerin-localization studies in COS7
Journal of Cell Science 121 (11) Fig. 9 . Nuclear architecture and emerin localization is affected in Nesprin-2-Giant KO fibroblasts. In WT cells (A,B,E,F), Nesprin-2 Giant (A) and C-terminal isoforms (pAbK1; E, arrows) are present at the NE, whereas primary KO cells (C,D,G,H) are negative for Nesprin-2 Giant (C), display strong pAbK1 staining in the cytoplasm (arrows, G) and exhibit severely misshapen nuclei (arrowheads, D,H). Representative nuclear changes are shown in I-L. Note that a pAbK1 NE staining in KO cells coincides with a normal nuclear architecture (asterisks, G,H). cells, which indicated a requirement for Nesprin-2 Giant. Furthermore, they propose that Nesprin-2 mutations in humans might cause diseases similar to the loss of emerin, which results in EDMD. Finally, the striking similarity of Nesprin-2 KO nuclear abnormalities to laminopathies provides impetus in identifying Nesprin-2 as well as Sun protein mutations in human disorders.
While this paper was under review, Zhang et al. published an article demonstrating that Nesprin-1 and Nesprin-2 heterozygous missense mutations are involved in the pathogenesis of EDMD (Zhang, Q. et al., 2007) . The authors also show that Nesprin-1 or Nesprin-2 siRNA knockdown experiments in fibroblasts result in nuclear-morphology changes and affect emerin localization. These data collectively suggest that EDMDs might be caused, in part, by a nucleo-cytoskeleton uncoupling due to disturbances in nesprinemerin-lamin interactions.
Materials and Methods
Generation of Nesprin-2ΔABD mice KO mice were generated by InGenious Targeting Laboratory (http://www.genetargeting.com). The gene-targeting vector is composed of a 9.0-kb KpnI mouse 129/Sv genomic fragment upstream of exon 2 (5Ј-arm), the neomycin cassette and a 950-bp (3Ј-arm) PCR fragment (amplified using the 5Ј-ATCACACCTGCAGATTCACAGG-3Ј and 5Ј-CTTACTCTGTAATCCAGTCTG-3Ј primers) containing exon 5 and the downstream intronic sequences. The vector was linearized by NotI and transfected by electroporation into 129/Sv ES cells. ES cells harbouring the desired targeting event were identified by PCR, confirmed by Southern blot analysis and microinjected into C57/BL6J host blastocysts. Chimeras and their positive progenies were backcrossed with C57/BL6J mice and crossed to obtain KO mice.
Cell culture and wounding assays
Skin tissues from newborn mice were treated overnight with dispase (10 mg/ml) to separate and isolate the dermis and epidermis, which was then trypsinized (5-10 minutes). Dermal fibroblasts were cultured at 37°C, 5% CO 2 in DMEM supplemented with 10% fetal calf serum (FCS), penicillin and streptomycin. To study migration, confluent serum-starved primary fibroblast monolayers were wounded by scraping cells away with a P200 pipette tip, and were examined using a Leica DM IRE2 microscope and software. Keratinocytes were cultured in low-calcium FAD medium (2/3 DMEM + 1/3 Ham's F12) supplemented with Chelex-treated 10% FCS Gold, 0.18 mM adenin, 0.5 μg/ml hydrocortison, 5 μg/ml insulin, 10 ng/ml EGF, 10 -10 M choleratoxin, 5 μg/ml glutamin, 0.05 mg/ml vitamin C, penicillin and streptomycin. Cells were grown at 32°C, 5% CO 2 in 100-mm dishes supported with a mitomycin-C-treated 3T3 fibroblast feeder layer. 
